The Doppler wobble induced by the extra-solar planet HD 134987b was first detected by data from the Keck Telescope nearly a decade ago, and was subsequently confirmed by data from the Anglo-Australian Telescope. However, as more data have been acquired for this star over the years since, the quality of a single Keplerian fit to that data has been getting steadily worse.
INTRODUCTION
Of the more than 300 nearby stars known to harbor one or more planets, 38 are multipleplanet systems, and some show radial velocity residuals indicative of additional companions (e.g., Wright et al. 2007) . A number of known extrasolar planets (hereafter, shortened to exoplanets) are becoming suitable for increasingly powerful follow-up techniques. Primarily, this has been led by the discovery of transiting objects though other observations are becoming rewarding. Notably, observations of short-period exoplanets have enabled atmospheric abundance studies (e.g., Swain et al. 2009 ), phase variation in flux to be distinguished (e.g., Knutson et al. 2007) , and high-resolution spectroscopic observations may soon allow for direct spectroscopic detection (e.g. Barnes et al. 2008) . Recent leaps in image processing (e.g., Marois et al. 2008 ) have led to companion detections at 0.5 arcsec separations with contrast ratios of 10 −6 across the near infrared. This has allowed for the direct imaging of putative exoplanets which in turn is driving the instrumentation programmes of telescopes worldwide.
The architecture of our Solar System is dominated by Jupiter at 5.2 au and by Saturn at 9.5 au. However, very little is known about the frequency or nature of other planetary systems with orbital distances greater than 5 au (e.g., Marcy et al. 2005b) . Precise radial velocities have only recently reached beyond the 10 years required to sense such objects.
For planets orbiting solar mass stars, it is key to have sensitivity to and Saturn-like (30 yr) orbits. The ability to put constraints on such planets, even with potentially incomplete orbits, will enable imaging observations to target systems for which they can provide critical observational constraints. With or without imaging, such orbits may substantially constrain the orbital structure and dynamical configuration, providing clues about planetary formation and migration (e.g., Currie 2009) and will help us trace the uniqueness of our own Solar System.
The Anglo-Australian Planet Search and the Keck planet searches are long-term radial velocity projects engaged in the detection and measurement of exoplanets at the highest possible precisions. Using the iodine calibration technique (e.g., Butler et al. 1996 ) they provide coverage of bright inactive F, G, K and M dwarfs. The AAPS began operation in 1998 January, and is currently surveying 250 stars. It has published exoplanets with M sin i ranging from 5M Earth to 10 M Jup Butler et al. 2001 Butler et al. , 2002b Butler et al. , 2006a Jones et al. 2002 Jones et al. , 2003a Carter et al. 2003; McCarthy et al. 2005; OToole et al. 2007 , 2009a , 2009b ).
With its somewhat longer baseline (since 1996) the Keck project originally announced the exoplanetary signal around HD 134987 . Both Keck and the AAT have been regularly observing the star since 1998. Nearly a decade later we present results for HD 134987 from the combined AAT and Keck dataset.
CHARACTERISTICS OF HD 134987
HD134987 (23 Lib) is a solar-type (G4V) star which is nearby (22pc) and bright (V=6.45), with low activity (adopted log RHK =-5.1) and high metallicity (adopted 0.25 dex). As an analogue of the prototype "Hot Jupiter" host star (51 Peg), it has long been a target for precision exoplanet surveys. Vogt et al. (2000) reported a planetary mass signal with a period P = 259 d, eccentricity e = 0.24, M sin i = 1.58 M Jup from Keck data with an RMS of 3 m/s. Butler et al. (2001) conrmed the orbit using AAT data. In Butler et al. (2006a) these parameters were revised to P =258 d, eccentricity, e = 0.24, M sin i = 1.64 M Jup with an RMS of 4 m/s to a reduced χ 2 ν =0.89 fit, including a trend of 2.9±0.2 m/s per year. At that time the jitter of HD 134987 was estimated to be 3.5m/s. Wright et al. (2007) Alonso et al. (1996) . Both studies used Hipparcos parallaxes to convert luminosities in order to make comparisons with different theoretical isochrones and so derive stellar parameters. To determine, stellar masses and ages Takeda et al. (2007a) , use Yonsei-Yale isochrones (Demarque et al. 2004 ) and Holmberg et al. (2007) use Padova isochrones (Giradi et al. 2000; Salasnich et al. 2000) . Both sets of derived parameters agree to within the uncertainties.
The low activity index of HD 134987 (log R ′ HK ∼ -5.1) is consistent with the lack of significant photometric variability in measurements made by the Hipparcos satellite. Combining Hipparcos astrometry with their radial velocities, Holmberg et al. (2007) and Takeda et al. (2007b) determine U, V, W space velocities consistent with the old disk lifetimes in the range 8-11 Gyr inferred from the isochrones and the lack of X-ray flux detected from HD 134987 (Kashyap, Drake & Saar 2008) .
SPECTROSCOPIC OBSERVATIONS
The 63 epochs of Doppler data obtained at the AAT between 1998 August and 2009 October are shown in Table 2 . The 75 epochs of Doppler measurements obtained at the Keck Telescope between 1996 August and 2009 July are shown in Table 3 . The observing and data processing procedures follow those described by Butler et al. (1996 Butler et al. ( , 2001 Butler et al. ( , 2006a . All these data have been reprocessed through our frequently up-graded analysis system, and here we report results from the current version of our pipeline. Our velocity measurements are derived by breaking the spectra into several hundred 2Å chunks and deriving relative velocities for each chunk. The velocity uncertainty, given in the third column and labelled 'Unc.' is determined from the scatter of these chunks. This uncertainty includes the effects of photon-counting uncertainties, residual errors in the spectrograph PSF model, and variation in the underlying spectrum between the template and iodine epochs. For both the AAT and Keck, observations in which the uncertainty is more than three-times the median uncertainty of the entire set are not reported. All velocities are measured relative to the zero-point defined by the template observation. Since the AAT and Keck data were pro-cessed with different templates, we treat the difference between their zero-points as a free parameter in our fitting procedures.
ORBITAL SOLUTION FOR HD 134987
The AAT and Keck data are shown in Fig.1 (Wright 2005) , which is significantly different from the exoplanet solution. The lack of any observed chromospheric activity or photometric variations gives us confidence that this solution proposed by Vogt et al. (2000) arises from an exoplanet rather than from long-period starspots or chromospherically active regions. However, since HD134987 is an inactive star we would expect a substantially lower RMS. Futher to the long-term trend found by Butler et al. (2006a) , we now find a curvature that suggests a two planet solution with an ∼5000 d period for the outer planet. Fig. 2 shows the best fit double Keplerian to the Keck and AAT data, with an RMS of 3.3 m/s. The best-fit parameters of the double-Keplerian fit are given in Table 4 and are based on treating the offset between the AAT and Keck as a free parameter. Fig.3 shows the periodogram of the residuals to HD134987b for the AAT, Keck and combined AAT+Keck datasets. Significant power is present at periods beyond a few thousand days in the datasets (with low false alarm probabilities computed using systemic: AAT -5x10 −2 , Keck -7x10 −5 , combined -3x10 −13 ). We investigated a range of solutions using the AAT and Keck datasets both separately and together. Both datasets produce very similar solutions for the inner planet. For the outer planet we have not definitively seen a full orbital period and thus the orbit is less clearcut. We found that the AAT dataset favours somewhat shorter periods (around 5000 d) and lower eccentricities (e∼0.1), while the Keck dataset favours longer period solutions with higher eccentricities. The addition of a 5000 d outer planet to either dataset or the combined dataset produces an improvement in RMS by more than a factor of 2 (e.g., Figs 1 and 2). The jitter value which must be used to result in a reduced χ 2 ν =1 is more than 6 m/s for a single planet fit, and drops significantly to around 2.6 m/s for a double planet fit for the combined dataset and 2.3 m/s (AAT) and 3.2 m/s (Keck) for the double planet fit to the separate datasets. These values of jitter are consistent with prediction (2.1 m/s) of the most recent activity jitter calibration of J. Wright (priv.comm.) . The earliest Keck data have larger uncertainties than the other Keck observations and appear as outliers in the residuals plots (Fig. 4) . We have therefore checked the sensitivity of the solution to these three 1996 and 1997 data points, and find that removal of these data points does not signicantly change the best fit orbital parameters and leads to a reduction of only 0.1 m/s in the fit RMS.
We have not yet seen a full orbital period for HD134987c and so it is difficult to assign a reliable solution for its parameters. In order to better understand how the fit parameters for HD134987c are related, in Fig. 5 , we show contours of best-fit χ 2 for period, mass and eccentricity. The contours indicate best-fit χ 2 solutions increased by 2.3, 6.2 and 11.8, which correspond to 1σ, 2σ and 3σ confidence levels for systems represented with two degrees of freedom and Gaussian noise. They have been derived allowing all other orbital parameters for HD134987b and c to be best-fit. These plots highlight the asymmetric nature of the confidence regions due to not having a complete orbital period. These fits are made using the systemic package (Meschiari et al. 2009 ) and assumes no stellar jitter for all data points, however since stellar jitter provides a source of pseudo-random noise which may vary on various timescales, e.g., unknown stellar rotation timescale, the noise in the radial velocities may be non-Gaussian. In addition, to the best fit χ 2 for the joint dataset, 1σ
contours for the individual AAT (dashed green) and Keck (dotted blue) datasets are shown.
The observing programmes at the AAT and Keck both use the same calibration methodology and follow similar observing and data reduction strategies. A major difference in their operation for a given star is that Keck achieves a given S/N in a much shorter exposure time. For HD134987, Keck integration times range from 27 s to 10 min, typically 1-2 min long, with a median of 84 secs and including 24 measurements of less than a minute. The median of AAT integration times are nearly five times longer (median 400 secs) and with a smaller spread in the range of times from 3.3 to 10 min. It is therefore probable that the differences (to the double planet fit) seen at each telescope are the result of their sampling astrophysical noise sources on different time-scales. In order to make the jitter values to achieve a best-fit reduced χ 2 the same for both datasets it would be necessary for there to be nearly 2 m/s of additional astrophysical noise (added in quadrature) present in the Keck,
but not the AAT, data.
We investigate the importance of the relatively shorter Keck exposure times in a few different ways. We add velocity jitter to all Keck radial velocity errors corresponding to A long-period planet orbiting a nearby Sun-like star 7 exposure times of less than 200 sec (the shortest exposure time at the AAT). We do this by adding radial velocity jitter of 4.5×(1-t exp /200) m/s). The scaling factor of 4.5 is chosen so as give resultant best fits requiring the same jitter as the AAT (2.3m/s) to achieve a best-fit reduced χ 2 of one and is consistent with the higher levels of jitter expected for HD134987c from Wright (2005) . However, this procedure as well as removal of the 10% of the data with the shortest exposure times do not significantly alter the Keck solution.
The Keck data allows us to gain more direct insight into the importance of the activity of HD134987. The Keck HIRES spectrometer simultaneously covers the the Ca II H&K lines and the Iodine region. While activity indices such as CaHK do not provide a one-toone mapping onto stellar jitter and thus can not be used as an input error for the radial velocities, these CaHK lines are the primary method of radial velocity jitter estimation (Wright 2005) . From an extraction of this activity measure (e.g., Tinney et al. 2002) the S values for the Keck data are given in Table 3 and plotted with a Gaussian distribution in Fig. 6 . This indicates that the distribution of S values is not a particularly good match for a Gaussian. Although the jitter values are the largest source of uncertainty, the assignment of the Gaussian σ confidence limits should be robust due the large number of data points available for the fit. Wright (2005) indicates that in the regime of activity, spectral type and magnitude for dif f erent stars in their table 2 for HD134987, there is a factor of 3 difference in radial velocity jitter between 20th and 80th percentile. While this scatter is for dif f erent stars we can look at the impact of characterising the jitter radial velocity signal in terms of a linear function varying by a factor of three between the 20th-80th percentiles found by Wright (2005) . For the HD134987 Keck data this corresponds to assigning radial velocity jitter values up to 6 m/s. We found that this operation expands the 1-σ contours and brings best fit solutions to the Keck dataset to shorter periods. Alternatively, one can obtain a solution with little expansion in the 1-σ contours by ignoring radial velocities with high activity values. This result that exposure time has less impact on the solution than the S value can be investigated quantitatively for asteroseismological p-mode jitter. does not show any significant periodicities nor any peaks with low false alarm probabilities which we would expect if there was a significant spot-induced radial velocity signal in the Keck dataset.
PHOTOMETRIC OBSERVATIONS
In addition to the spectroscopic observations described and analyzed above, we have also Table 1 and the lack of detectable photometric variability on the orbital period of companion b confirms that the radial velocity variability (K = 49.5 m s −1 ) on that period is the result of stellar reflex variability induced by HD 134987b.
The D − C photometric observations plotted in the top panel of Fig. 7 cover a range of 3758 days or eleven observing seasons but with a gap of four seasons. So the photometric observations are too few and the orbital period of HD 134987c too uncertain (5000 ± 338)
for the photometry to determine limits of stellar brightness variability on companion c's orbital period. However, we can look at HD 134987's long-term, year-to-year variability for the existing seven observing seasons plotted in Fig. 7 . The standard deviation of the seven yearly mean magnitudes about their grand mean is just 0.000220 mag; the slope of the best-fit line to the seven means is −0.0000245 ± 0.0000278 mag yr −1 . Interestingly, the first six years of our photometry (1999) (2000) (2001) (2002) (2003) (2004) correspond to the interval when the radial velocity residuals to the 258 day period, plotted in Figure 4 , increased approximately linearly by ∼ 22 m sec −1 . The best-fit line to those six yearly photometric means has a slope of −0.0000376 ± 0.0000599 mag yr −1 , which is indistinguishable from zero to high precision.
Therefore, the photometric observations also provide strong support for the existence of HD 134987c.
With the 419 nightly APT observations of HD 134987, we examine the possibility of detecting transits of the inner planet. The geometric probability for transits to occur, given HD 134987b's orbital elements in Table 4 , is 0.65%, computed from equation (1) It is clear that transits of the inner planet could be detected with the APT, but our phase coverage is insufficient to determine whether or not they occur. Fischer et al. 2002) , HD154345b (Butler et al. 2006b ). Notably, three-quarters of these have been detected using data from the Keck or AAT. Despite this promising separation for direct detection, evolutionary models indicate that the contrast ratio of HD134987c with its host star will make this a challenging observation. Models suggests a 5 Gyr, 2 M Jup exoplanet at 22 pc will have an H band magnitude of around 35. This will be beyond the reach of even the next generation of high resolution instruments. Nevertheless, it should be noted that this estimate is based on the minimum mass (sin i = 1) for HD 134987c. Both an inclined orbit, and a longer period (which is plausible given the relatively poorly determined period at present) will lead to a larger mass and improved detectability for HD134987c. So, imaging observations will be useful to constrain possible orbits and masses of HD 134987c.
Detection of the astrometric signal from HD 134987 c is more plausible. The astrometric orbit semimajor axis is α sin i 0.19 mas, which is comparable to the 0.25±0.06 mas astrometric orbit determined by Benedict et al. (2002) for GJ 876b. An astrometric orbit would enable the inclination to be determined, removing the current sin i uncertainty on the mass.
HD134987 joins the family of stars with multiple planets. It appears to be consistent with the broad general properties for multiple planets suggested by Wright et al. (2009) The fit to HD134987c indicates a relatively small semi-amplitude (∼10m/s) in comparison to most of the other long-period exoplanets announced to date. Fig. 8 indicates that the orbital solution for HD134987c is rather more reminiscent of Jupiter than other exoplanets discovered to date. With a longer semi-major axis than Jupiter and similar eccentricity, the discovery of HD134987c signals that we have sensitivity to radial velocity planets with Jupiter-like periods around Sun-like stars. As the second decade of data is now being gathered by the AAT and Keck Telescopes, we can be confident that our long-term precision is sufficient to empirically constrain the incidence of exoplanets with Jupiter-like periods around Sun-like stars. This will enable us to ascertain just how common our Solar System might be and be able to make comparison with developing theoretical predictions (e.g., Mordasini et al. 2009 ). As our temporal baseline extends, we will become sensitive to longer-period planets, e.g., a true Saturn analog would require 15 more years of observation to fully sense. As our precision improves we will become sensitive to lower-mass longer-period exoplanets, which migration scenarios for planets around solar-type stars suggest is a rich domain (e.g., Schlaufman, Lin & Ida 2009 ).
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